When a retroreflector has periodic structure, it also behaves as a diffraction grating. When its period becomes shorter, the effect of diffraction is more dominant than that of reflection. In particular, when the period steps into the resonance domain, the retroreflector no longer functions, because the number of diffraction orders decreases significantly and diffraction to the desired direction does not exist. Here, behaviours of micro-sized metallic and perfectly conducting retroreflectors of corner cube type over the period range of 1-100 wavelengths are analysed electromagnetically with the C method. Generally, metals and perfect conductors exhibit similar tendencies for TE polarization, but there are big differences in some cases for TM polarization, possibly owing to surface plasmon resonance. As an example application of periodic retroreflectors, object detection is considered and the required conditions for valid usage are provided.
Introduction
A retroreflector is a geometrical optical element which reflects incident light backwards in the anti-parallel direction. There are several means to achieve this function. Perhaps the most straightforward way is using three mutually perpendicular reflecting planes [1] and a typical example is provided by a corner cube ( figure 1(a) ). There are also retroreflectors based on different principles: microspheres [2] , combination of two spherical surfaces [3] , GRIN rods [4] and GRIN spheres [5] . Retroreflectors have a wide range of applications such as accurate measurement of distances [6, 7] , as laser cavity mirrors [8, 9] and in safety devices including road signs [10, 11] .
There are a lot of publications on retroreflectors, but most of them are on application of the elements and on designing the structure [3, [10] [11] [12] , though polarization properties of retroreflectors have long been studied as an important subject [13] . However, all those studies are in the scalar domain and no electromagnetic analysis of retroreflectors has been reported as far as the author knows. If many of the identical retroreflectors are aligned together ( figure 1(b) ), the composed element has periodic structure, and therefore behaves also as a diffraction grating. When its period becomes smaller, the effect of diffraction will be gradually more dominant than that of reflection. Then, the number of diffraction orders decreases and diffraction to the desired direction of the incident wave does not exists. As a result, it is easy to imagine that such a retroreflector will strictly speaking no longer function as retroreflector with a single unit structure, though such retroreflectors at a certain level are preferred as safety devices [10] . Moreover, when the period steps into the resonance domain [14] , polarization sensitivity appears.
In this paper, the behaviour of such periodic retroreflectors of corner cube type is electromagnetically analysed and guidelines for using them in practical applications are presented. The reason I employ a corner cube retroreflector is that its retroreflecting principle is the simplest and thus the most suitable for investigating the transitional phenomena, from reflection to diffraction, while decreasing the period. For example, on neglecting fabrication error, a corner cube retroreflector does not suffer properties associated with spherical surfaces such as divergence. Therefore, I have to emphasize that the results obtained in this paper are valid only for retroreflectors of corner cube type. In addition, I have to admit that the analysis is carried out from a diffraction grating point of view, because the transition between reflection and diffraction is the primary motivation of this study. In order to limit influential factors as much as possible, problems treated are reduced to two dimensions and plane wave light is assumed to be incident from air upon metal surfaces, in contrast to the dielectric-to-air incidence in commonly used corner cubes (figure 1). Also, we call the conventional single-period corner cube retroreflector a geometrical retroreflector for convenience from here on.
Geometrical retroreflectors
An important figure of merit of retroreflectors that we have to consider is efficiency. The value is defined as the ratio of the energy reflected in the direction of retroreflection to the incident energy. Supposing a conventional geometrical retroreflector illuminated at an incidence angle of θ , the retroreflection efficiency is given by
where R 1 and R 2 are Fresnel reflection coefficients at each of two reflections which the incident light suffers in the course of retroreflection. w 1 and w 2 are beam widths within which the incident wave suffers reflection once and twice, respectively (figure 2). The incidence angle dependence of η for gold as a reflector medium is plotted in figure 2 . Here, the complex refractive index of gold isn = 0.185 + i4.84 at λ = 0.8 µm [15] , where λ is the wavelength in vacuum. In all the numerical simulation in this paper, λ is fixed at 0.8 µm, for simplicity. It is found that the factor most influential on the efficiency of a geometrical retroreflector is the incidence angle. Polarization dependence is considered through the Fresnel coefficients, and generally is not so significant. Unless a retroreflector is much larger than the incident beam size, the efficiency of retroreflection of light decreases when the incidence angle increases. Remember that a retroreflector does not function at all for the incidence angle θ > 45 • .
Periodic structure
The immediate concern associated with introducing periodic structure in a retroreflector must be the period dependence of the reflection angle, because diffraction angles obey the grating equation
where n 1 and n 2 are refractive indices of incidence and transmission media, θ is the incidence angle, θ m is the diffraction angle of the mth order and d is the grating period. In diffraction problems here, n 1 = n 2 = 1. Now, we define the reflection angle θ R , which is the nearest to retroreflection, i.e. θ + θ R = 0 for a geometrical retroreflector. As shown in figure 3 , when the period becomes smaller, the fluctuation of θ R around −θ becomes large. Note that the extent of the fluctuation seems independent of the incidence angle θ and is estimated as approximately 0.3
. This fact alone would be sufficient to support the claim that periodic retroreflectors with small periods cannot be used in applications requiring accurate retroreflection, such as distance measurement. For periodic retroreflectors, the problem is not only the angular deviation shown in figure 3 . In particular, when the period is in the resonance domain, diffraction efficiencies are known to change rapidly with structural parameters. Typical example phenomena observed in metallic lamellar gratings are given in figure 4. It is also seen that the smaller the period is, the more evident the effect of polarization is. Combining this effect with the angular deviation, the reflection properties of micro-sized periodic retroreflectors will become quite complicated. 
Numerical analysis
The behaviour of periodic retroreflectors made of gold and perfect conductors is numerically analysed over the range of 1 d/λ 100 with the C method [16] which is a wellestablished technique for electromagnetic grating problems and is particularly powerful in analysing continuous surface relief profiles. Note that the most widely used electromagnetic grating theory, the Fourier modal method (FMM) [17] , including rigorous coupled-wave analysis [18] , cannot cope with this diffraction problem for TM polarization in metallic gratings [19] .
Since the invention of the C method [20] , many improvements have been made and for such as triangular gratings a technique of adaptive spatial resolution is proposed [21, 22] . However, I employed a more standard and simpler algorithm [16] here. Checking the convergence of the total reflection efficiency of perfectly conducting gratings reveals that an efficiency of unity can be guaranteed when the number of diffraction orders N considered in the computation is sufficiently large. In the present problem, the error can be limited to of the order of 10 A unique feature in retroreflector gratings is that the depthto-period ratio is always h/d = 1/2. That is, the slope of the surface relief of retroreflectors is always constant at the well-accepted value of unity and thus a known disadvantage of the C method in treating deep gratings [16, 23] has little effect on analysing a retroreflector grating. For a retroreflector of larger period, there would be no fundamental limitation in the algorithm and simply a large number of diffraction orders as mentioned above should be included to ensure good convergence, as far as computer hardware allows. Example computation times with FORTRAN running on a PC with a Pentium 4 processor of 1.9 GHz with 1 GB RAM are 25 s for N = 201, 170 s for N = 401, 9 min for N = 601 and 60 min for N = 1001.
First, reflection properties of retroreflectors of several different periods are investigated. Figure 5 illustrates power spectra of reflected waves in terms of the reflection angle for θ = 15
• . The thin curves are rough Gaussian envelopes of discrete power spectra. As a periodic retroreflector has a grating depth of a half of its period and thus cannot be regarded as a thin optical element, it is hardly possible to evaluate even its approximate behaviour within the regime of Fourier optics. (For more detail, please refer to appendix B.) This means that the envelopes do not have forms defined by specific functions. Therefore, Gaussian envelopes are employed here for simplicity.
Obviously, θ R is gradually shifted away from the geometrical retroreflection angle of −15
• for smaller periods. However, it is interesting to note that the centre of the envelope remains in the same position at −15
• . This indicates that even for micro-sized periodic retroreflectors reflected energy is directed towards the direction of the geometrical retroreflector, though actual directions of component plane waves are dispersed to discrete directions determined by equation (2) .
Second, let us concentrate on diffraction efficiencies (figure 6). Efficiencies of nearest orders to the geometrical retroreflection, i.e. in the directions of θ R , fluctuate owing to the combination of the changes of θ R and the width of the S123 envelope shown in figure 5 . When the efficiencies of two nearest orders to the geometrical retroreflection are summed as a rough measure of retroreflector efficiency, it is interesting to note that the value is approximately constant and more than 85% of the value of the geometrical retroreflector. This again suggests that a significant portion of the energy reflected by the micro-sized periodic retroreflector is directed towards the direction of the geometrical retroreflector.
The tendencies of the phenomena described above are similar for TE and TM polarization both in gold and perfect conductor gratings. Next, the difference between gold and perfect conductors is examined. Generally, efficiency curves for gold and perfect conductors exhibit similar forms for TE polarization, but there arise differences for TM polarization, in particular when the period becomes smaller, possibly owing to surface plasmon resonance.
In order to investigate this issue in detail, incidence angle dependences of total reflected efficiencies are compared among retroreflector gold gratings of various periods, though this is nothing to do with the performance of retroreflectors. Incidence angle dependences of the values are plotted in figure 7 . In TE polarization, the level of the efficiencies is nearly constant irrespective to both period and incidence angle, and almost the same as the value for a plane gold surface. On the other hand, in TM polarization, as the period becomes smaller, the levels of efficiencies deviate gradually. In addition, there appear sharp dips whose positions, i.e. the incidence angles in figure 7, correspond to the surface plasmon resonance predicted by the formula [24] 
where p is integer. Such dips are less prominent for deep gratings. This is probably due to other resonant effects within the grating region and Rayleigh anomalies. In addition, in larger periods, more diffraction orders neighbouring surface plasmon resonances may be coupled, resulting in dips being less prominent. Although detailed properties of periodic retroreflectors have so far been investigated at the incidence angle of θ = 15
• , diffraction efficiencies in the case of normal incidence θ = 0
• must be mentioned here. Efficiencies of zerothorder diffractions, i.e. θ R = 0
• , coincide with the values for geometrical retroreflectors, 0.959 for TE waves and 0.919 for TM waves in the case of gold and 1.00 in the case of perfect conductors, over the wide grating period of 5 d/λ 100. It is interesting that even periodic retroreflectors with small periods function in exactly the same way as a geometrical retroreflector for normal incidence.
Applications
Obviously, periodic retroreflectors with small periods cannot be used in traditional fields such as accurate distance measurement [6, 7] . However, with the recent information technology (IT) orientation of society, a new application of retroreflectors has emerged as a key element of communication systems, i.e. object detection [25] [26] [27] . For example, assume that there is a light source and detector in the ceiling in a room, while on the floor there sits an object which has a retroreflector on it (figure 8). When the object is moving around, its position can be tracked through the reflected light via the retroreflector. In this sort of application, the accuracy required for retroreflection would be relatively low as compared to that for distance measurement, but the retroreflector must be as thin and small as possible in view of the portable nature of IT-related devices. In order to function as a retroreflector, the structures of the element must always be similar. This means that a thinner element has a smaller period and this causes competition between accuracy and compactness. Considering applications such as in figure 8 , reflected light deviates from the direction of the geometrical retroreflection, and therefore the source and detector must be larger than a certain size in order to be able to accept the reflected light. The necessary size B is simply estimated as
where L is the distance between a source and an object. The results for L = 1 and 10 m are given in figure 9 . Although this figure shows the case of θ = 15 • , the result will be more or less the same for other values of θ in view of the already explained fact that the angular fluctuation is almost independent of the incidence angle θ (see figure 3 ).
Summary and concluding remarks
This is the first report of electromagnetic analysis of periodic retroreflectors of corner cube type, though a lot of study on the subject has been done by many in the scalar domain. The first reason is that a periodic retroreflector which definitely requires electromagnetic analysis cannot properly function as a retroreflector, because the period is too small for it to accurately retroreflect, and thus would attract less interest. The second reason is that it is not easy to fabricate such a retroreflector for the visible spectrum, because the size of a unit retroreflector structure is of the order of the wavelength of the incident light. Compared with other types of diffractive optical elements in the resonance domain, the structure of a retroreflector, composed of linear slopes with relatively high depth-to-period ratio, is challenging for often-used electron beam writing. The third reason, particularly for the diffractive optics community, is that a retroreflector cannot be analysed, in particular in TM polarization, with the FMM, i.e. the most frequently used electromagnetic grating theory.
Geometrical retroreflector function is obviously based on reflection. This remains the same as long as the period of the periodic retroreflectors is sufficiently larger than the wavelength of light. As the period becomes smaller, the contribution of diffraction becomes significant and eventually the observed performance is far from what is predicted for reflection, as illustrated in figure 5 . This transition process is continuous and there appears no clear boundary between reflection and diffraction. Although a retroreflector is considered in this article, the tendency of the transition is expected to be the same for other triangular grating structures both in reflection and transmission modes. The latter case corresponds to an element often called a prism sheet [28] .
Although practically used retroreflectors have threedimensional structure, only two-dimensional problems are considered here for simplicity in two respects. The first one is computational limitation: retroreflectors of larger periods can be treated in two-dimensional problems. The second one is that effects of the incident beam polarization state can be investigated separately in two-dimensional problems. This is particularly important because such study has not yet been carried out electromagnetically. Obviously, in practical threedimensional retroreflectors, the diffraction efficiency changes from that of the two-dimensional counterparts, and more importantly polarization states are coupled on reflection (or diffraction) and the effects of incident beam polarization are reduced.
As to application side, when using micro-sized retroreflectors, the most important factor is angular tolerance and this determines the minimum period. According to this investigation, the effects of polarization would not be so crucial for applications such as object detection. I hope that this work will provide guidelines for valid usage of micro-sized retroreflectors, in particular for longer wavelength sources, because they require larger size for the same performance.
As stated in the introduction, this study assumes retroreflectors of corner cube type and the results obtained are valid for such a type only. Electromagnetic treatments of other types of retroreflectors are left for future study.
Appendix A. Treatment of perfect conductors in the C method
It is known that the C method can cope with perfectly conducting gratings, while the more widely used FMM [17] cannot. In this appendix, the way of treating a perfect conductor in the C method is briefly explained within the formulation of [16] , because this subject is not mentioned there.
Equation (27) in [16] is a complete set of linear equations:
Here, F and G are fields and derivatives of the fields, respectively, and A and C are unknown diffraction coefficients.
In the superscripts, '+' and '−' denote incidence and transmission media, respectively, and 'R' denotes the propagating diffraction orders. That is, the right-half columns of the first matrix in equation (A.1) are related to the diffraction orders in the transmission medium. As there is no electromagnetic field in a perfect conductor, solving equation (A.1) under the condition
yields the required values of A (1) n , i.e. the amplitudes of the propagating diffraction orders in the incidence medium.
Appendix B. Applying Fourier optics to retroreflectors
Let us try a bold attempt to analyse a periodic retroreflector with Fourier optics in this appendix. Applying complex amplitude transmission theory [17, 29] , the phase shift caused by a thin optical element is considered to be concentrated in an infinitely thin layer (figure B.1). In this case, the phase function of the retroreflector is 3) According to this result, the efficiencies of even diffraction orders including the zeroth order are null. However, this is clearly not true. Just think about the case of normal incidence! As mentioned in the last paragraph of section 4, η(0) should be unity irrespective of the grating period. (Here, I assume a lossless reflection grating, which corresponds to a perfectly conducting grating in electromagnetic analysis.) What is described above is indeed a manifestation of the fact that a retroreflector cannot be analysed by means of Fourier optics and an envelope of an amplitude spectrum cannot be expressed as a Fourier transform of the complex amplitude in the top surface of a retroreflector.
